With the current exposure to aerosols, nanoparticles and fine dust the cases of pulmonary diseases increase. Nowadays there is still little information about the distribution of inhaled particles in the lung itself. However, this information is important for pharmaceutical industry providing inhalable diagnostics and therapeutics. The presented lung simulator iLung is an active mechanical lung simulator, which offers the use of different lung equivalents, like a primed porcine lung or latex bags. The i-Lung uses a non destructive aerosol measurement system for measuring the size and amount of in-and exhaled particles that were produced beforehand. This lung simulator is a first step into the direction of replacing laboratory animals for inhalation test as ordered by the EU REACH regulation. [2] 
Introduction
"Aerosols exist everywhere there is gas to breathe. From pollen and spores, to smoke and pollution, to man-made chemicals, the aerosol category includes any fine liquid or solid particles." [1] Aerosols are everywhere, not only in the surrounding atmosphere but they are also part of medical and cosmetic products, like hairsprays, cosmetic powders or inhalation sprays. Even though aerosols are part of everyday life the long term effects on the human body and the environment are still mostly unknown. With the passing of the law on "Regulation on chemicals and their safe use" (EC 1907 (EC /2006 [2] in 2006 a large number of substances that are either being created or have already been released on the European market have to be evaluated and authorized. This so called "REACH Regulation" (Registration, Evaluation and Authorization of Chemicals) [2] has the consequence that new tests have to be performed. Since these directives include harmful substances testing on human beings is not an option. Therefore the number of used animals will increase and therefore oppose the idea of the 3 R's from Russell and Burch. [3] One possible solution to reduce the amount of needed animals is the here presented lung simulator i-Lung 1.0. This lung simulator uses a non destructive aerosol measurement system and is designed to work as a passive or active lung simulation tool. The i-Lung can simulate different physiological and pathological breathing patterns and measure in-and exhaled particles using a white light aerosol sensor. Furthermore, the i-Lung can use different lung equivalents such as a isolated primed porcine lung and has the foundations to be used as an ex vivo aerosol measurement.
Methods
The i-Lung is an active mechanical lung simulator. Due to the use of different modules its use and setup are flexible(see Figure 1 ). With these i-Lung modules different Figure 1 : Overview of the active simulator i-Lung including the i-Lung module with the PMMA chamber (1), lung equivalent (2), connection valve (3), piston cylinder system (4) and DC motor (5). The Aerosol module with the aerosol generator (6), the T-structure (7), white light aerosol sensor (8) and the optical aerosol spectrometer (9) . The sensor module (10) and the integrated PC (11) of the i-Lung.
pathological breathing situations can be simulated and inand exhaled particles can be produced and detected.
i-Lung Module
The core element of the i-Lung module is the "thoracic chamber". With this module the i-Lung can be used as a passive or active breathing lung simulator. In the case of a passive lung simulator the lung equivalent within the thoracic chamber is inflated by an external respirator. For an active lung simulator a negative pressure is created within the chamber to inflate the lung equivalent. The module includes a PMMA (polymethylmethacrylate) chamber, interchangeable lung equivalents such as a primed porcine lung and latex bags and a connective flange. Via the flange the chamber is connected to a piston cylinder system and a vacuum pump. To achieve a more realistic breathing situation the vacuum pump creates a constant negative pressure, which represents the adhesion of the human lung to the thorax through the pleura. [4] The piston in the cylinder is moved by the rotation of a DC motor spindle on top of the cylinder, which is controlled via a LabView interface. The movement of the piston generates controlled pressure changes within the chamber. Using a computer to choose a certain breathing pattern the signal for the needed parameters are then transmitted via a NiDAQ USB-6008 card [5] and an Hbridge. The changes of pressure in the chamber lead to the in-and deflation of the lung equivalent and therefore to a simulated breathing pattern. The current i-Lung module (i-Lung 1.0) is able to realize the five most important pathological breathing patterns [4] , such as Biot's respiration and Cheyne Stokes respiration, as well as independent gasping.
Aerosol modules Aerosol production and transportation module
For the measurement of respired particles they first have to be generated. In the setup of the i-Lung 1.0 the aerosol generator AGF 2.0iP [6] was used. This aerosol generator produces polydisperse DEHS (di-2-ethylexyl-sebacat) aerosols with a mean diameter of 0.25µm and a maximum diameter of 2.00 µm [6] . This particle size includes particle which are able to reach the alveolar region of the human lung and are therefore called respirable [7] . For the aerosol production a two-component nozzle is integrated in the system [8] . The resulting aerosols (DEHS) consist of oil, which reduces the hygroscopic forces and therefore ensures the specific aerosol size for the measurement. In nature we forcefully breathe in aerosols from the surrounding air, which means that for the experimental setup the aerosols also have to be sucked in from the outside. The current solution for the aerosol transportation module is a T-shaped pipe setup. The beforehand produced aerosols are directed through a silicon tube into the horizontal pipe, main transportation pipe, of the T-structure [8] . During the breathing cycle aerosols are forced into the vertical pipe (in-/exhalation tube), where they pass the white light sensor two times. After exiting the vertical pipe during exhalation the aerosols are again inserted into the airflow of the horizontally mounted main transportation pipe and then released into the atmosphere. To simulate different resistances or a stenosis of the respiration tract within the tracheal area predefined flow restrictions can be added into the in-/exhalation tube before the white light sensor. [4] Aerosol measurement module The aerosol measurement module is used to observe aerosol deposition and aerosol size within a breathing cycle. This module includes an OAS (optical aerosol spectrometer; Promo [6] ) and a white light aerosol sensor (welas 2200 [6] ). The sensor is able to measure particles with a diameter in the range of 0.2 -10µm. During in-and exhalation the aerosols pass through the sensor integrated in the in-/exhalation tube.
Ex vivo module
The ex vivo module is yet to be fully realized but the concept is as follows. For the use of an ex vivo lung the maintenance of the lifesustaining parameters has to be a given. Therefore the freshly extracted lung has to be supplied with a nutritious fluid. This fluid has to be constantly moved through the remaining blood vessels. The ventilation of the lung tissue is provided through the active breathing of the lung equivalent in the i-Lung.
Sensor module
The sensor module was designed to extend the areas of application of the i-Lung by measuring and controlling temperature, pressure, humidity and flow within the iLung. For a physiological environment the temperature within the thoracic chamber has to be in a range of 37°C with a maximum deviation of ±1°C. With these requirements a fast responding thermistor, pt100 resistive thermal device, has been chosen. [9] For pressure measurement two sensors are integrated into the i-Lung module. The first sensor is within the thoracic chamber measuring the ambient pressure. The second sensor is placed outside of the chamber measuring the atmospheric pressuring and works as a reference point. The inflation of the lung equivalent within the thoracic chamber results of the pressure difference between the two sensors. The Piezo resistive differential pressure module DRMOD-I2C-PD0B5 [10] , which has a working range of 10kPa to 110kPa, has been chosen for this application. [11] The two humidity sensors of the i-Lung are located one in the thoracic chamber and the other in the in-/exhalation tube. They are used to measure the relative humidity of the gas in the thoracic chamber and the relative humidity of the in-and exhaled air. The chosen sensors are the SHT75 [12] which has a short response time and an accuracy of ± 1.8% relative humidity. [11] The measurement of flow is the control of the spontaneous breathing of the lung and the used breathing pattern. Therefore the Flow Analyzer PF-300 is placed within the in-/exhalation tube. The measured data are collected using a single data acquisition platform, the compact reconfigurable I/O (cRIO) hardware of National Instruments. Via a ethernet connection the data is transferred to the PC of the i-Lung module. The cRIO offers real-time data acquisition and the option to use a graphical programming environment like LabView, which is currently used for the control of the iLung. [9] 3 Results
For the measurements the normal breathing pattern with 15 breaths per time unit [1/t] and an inhalation to exhalation ration of 1:1 was set.
Measurements using a 3l latex bag, seven breathing cycles inhaled: ~3400 particles mean exhalation: ~3300 particles mean
Measurements using an isolated primed porcine lung, nine breathing cycles inhaled: ~1800 exhaled: ~1100
The results show that nearly the same amount of particles is exhaled during the use of the latex bag. In the case of the used primed porcine lung a significantly lower amount, namely a difference of 700 particles, is exhaled. This effect is caused by the more complex internal structure of the porcine lung. Furthermore, the particle size during exhalation varies in both cases , due to the high humidity within the lung as well as hygroscopic forces.
Conclusion
According to the results the measurements with the primed porcine lung has a significantly higher amount of particle separation than the measurement with a latex bag. The cause for this effect is the internal structure and high humidity within the porcine lung. Based on the result the degree of particle separation in fresh porcine lungs will increase even more. Therefore it is a critical step within this project to use fresh porcine lungs for further measurements as well as for the validation of the i-Lung as a realistic model for aerosol deposition in human lungs. The advantages of the i-Lung so far are the non destructive measurement method, which allows further examination of the lung tissue, as well as the possibility to fulfill the 3 R's strategy of Russell and Burch concerning animal experimentation. The i-Lung is able to fulfill all of the 3 R's at once for the needed lungs are taken from livestock animals that are bred for food purposes. The lungs of these animals are taken during the normal slaughtering process without additional stress for the animal. Therefore the use of laboratory animals not needed anymore which agrees with the 3 R philosophy of reduction, refinement and replacement. Furthermore, the i-Lung makes it possible to create an experimental environment with standardized marginal conditions, like breathing frequency and temperature. In this scientific situation different lungs from different animals are tested which still provide parameter of natural variability which cannot be simulated with mechanical or numerical lung simulators and lung models. Currently the DC motor for the negative pressure production is not powerful enough to fully ventilate the now used porcine lung. Further, the used lung is now 2 years old, which makes it heavy and stiff as well as the internal structures are mostly destroyed due to the need of preservation fluid. To solve these problems different steps are planned to be implemented in the near future. Firstly the piston cylinder system will be replaced with a less heavy and more stable bellow system. Next, the ex vivo module will be implemented so that the use of fresh porcine lungs is made possible. Additional to this ex vivo module a sensor and control module has to be added to ensure real life conditions (ex vivo) for the lungs. 
